An optical device for measuring high particle concentrations is presented. The sensor consists of two optical fibers used for the emission and reception of the light scattered by particles in suspension. To describe the light path in this medium, we developed a Monte Carlo calculation including a mean free path, a phase function for particle scattering, and an absorption rate. A similarity law links concentration variations to a homothetic space transformation. A comparison between our calculation and experimental data is given for well-stirred, dense suspensions of silica particles with different sizes. A good fit is found when the model parameters 1mean free path and phase function2 are chosen according to the data given by a particle sizer.
Introduction
Turbidimetry measurements are widely used in biological investigations 1Graaff et al. 1 and references cited therein2. Optical probes are also used for continuously measuring the particle concentration in liquid or gaseous suspensions 2 1erosion, 3, 4 fluidized beds, slurry transport lines, sedimentation2. Thus we designed 4 such sensors made of optical fibers for emission and reception of the light intensity backscattered by particles in suspension in a transparent medium. As pointed out by Lischer and Louge, 2 the main problem with this kind of sensor is in performing an accurate calibration of the voltage output in terms of the volume concentration of particles in suspension. Actually the light signal is a function not only of the concentration but also of numerous factors such as size, shape, complex refractive index of particles, and geometrical configuration of optical fibers. Our problem is in determining the light intensity received by an optical-fiber core of diameter D with acceptance cone b at distance d to another identical fiber that emits light 1see Fig. 12 .
This problem can be solved in the framework of the theory of radiative transfer. 5 This phenomenological approach leads to the use of global parameters such as albedo and extinction length, which are not easy to interpret in terms of single-scatterer properties and particle concentration. The Green's-functions formalism 6 gives some general properties of multiple scattering but, as a practical application, leads to unmanageable quadratures.
Thus Monte Carlo simulations, 1, 7 in spite of calculation time, seem well suited to performing calculations on backscattered light.
Model
To describe the suspension, we consider a collection of randomly distributed scatterers 1see Fig. 22 .S o mean free path l for a photon 1a pencil of radiation in Chandrasekhar's terminology 5 2 between two particles is given by
Ns sc . 112
In this expression N is the number of scatterers per unit volume and s sc is the total scattering cross section of one particle. The probability density P1l2 that the photon goes over a distance l is
122
The suspension particles are characterized by 112 A scattering law 1phase function2. Generally, the phase function is a function of n i and n sca , the directions of incident and scattered radiations. If we consider spherical particles in suspension, the phase function depends only on cos u 1u is the angle between n i and n sca 2. We have two ways to choose this phase function.
1a2 A phenomenological 1functional2 approach. For example, we choose the phase function given by Henyey-Greenstein. 8 So the probability density for the scattering angle u is P1cos u2 5 1 2 11 2 g 2 2
where g is a factor varying between 21 and 1, which describes the anisotropy of an individual scatterer.
Physically we have g 5 7cos u8, the mean value of cos u, and ũ 5 arccos1g2. Thus forward scattering is assumed when 0 ,ũ,p@2 while backward scattering implies that p@2 ,ũ,p . Isotropic scattering occurs when ũ 5p@2. In this case the cos u probability is constant. 1b2 With the Mie theory and the size distribution function given by a particle sizer, we can determine a phase function for a mean particle. This method, initiated by Deirmendjian, 9 is described in Section 6. This phase function is called the Mie mean phase function.
122 An absorption law. At every scattering event the probability of an incident photon being absorbed is t, so that the probability for an emergent photon after n c scatterings is
Our Monte Carlo calculation for multiple scattering is founded on these three probability laws 3see Eqs. 122-1424. The geometrical properties of the model are summarized in Fig. 2 .
This problem is symmetrical with respect to the z axis. So we determine P Dr 1r2, the sum of the contributions of photons falling down in the ring of radius r and thickness Dr around O in the plane z 5 0:
where N Dr 1r2 is the number of these photons and n c i is the number of collisions experienced by the ith photon. Now the light intensity received by the ring in arbitrary units is defined by
where N ph is the total number of photons involved in a Monte Carlo experiment. This model is closely linked to the model described by Lischer and Louge 2 and Groenhuis et al. 7 Nevertheless the absorption is taken into account in a different way, and we emphasize the central part played by particle concentration 3Eq. 1124.
Similarity Law
When a homothetic transformation of center O and ratio k is performed on the photon path in Fig. 2 , the photon reaching the z 5 0 plane in M at distance r now falls into point M8 at distance kr with the same number of collisions 1same absorption2 and the same scattering angles. Because light scattering by one particle is dependent only on the directions of the incident and emergent pencils of radiation, we deduce that I kDr 1kr2 5 I Dr 1r2, 172 if the main free path l of the photon becomes kl. In Eq. 112 the concentration in volume c can be introduced and
In this expression v is the volume occupied by one particle and r 0 is the characteristic length of the suspension 1see Section 6 for the case of polydisperse suspensions2. We choose r 0 to be the unit length in our Monte Carlo simulation. Thus note that the geometric transformation l = kl is equivalent to changing the volume concentration c = c@k, all other particle parameters remaining unchanged.
Hence, if c is introduced into Eq. 172, we obtain
192
If n is an integer, we deduce from Eq. 192
So, if I Dr 1r2 is known for values r 5 0, Dr, ...,1Dr,...,at concentration c 0 , we are able to calculate the corresponding quantities for the same value of r at any concentration multiple of c 0 . This model describes the incoherent multiple scattering from the phase function of an isolated particle. This implies some restrictions in the density domain. At high densities the particles must be sufficiently distant 1several wavelengths2 in order that the emergent wave be spherical. We can estimate this limit at approximately c , 0.1 for our suspensions. Another limitation is given to this similarity law for the low densities because the photon path is bounded by the dimensions of the vessel that contains the suspension 1c , 10 24 in our experiments2. Aswesee in Section 7 the high concentration limitation is less drastic 1c , 0.32. This similarity law means physically that photons experience the same number of scattering events before they reach the observation plane. Only the distances of the impact point are dependent on the suspension volume concentration.
Monte Carlo Process
Calculation is performed for an arbitrary concentration c 0 1typically c 0 5 0.0012 and r 0 5 1. In the following r i represents a random number uniformly distributed in the 30, 14 interval. This number is delivered by computer. The calculation is divided into four steps:
112 Throwing of the photon in a random direction 1u, f2 inside the acceptance cone b.
122 Determination of the path length by l 52lln11 2r 2 2. 1112
132 Calculation of the new photon position.
142 Choice of the photon emergent direction after collision with a particle. A local polar coordinate system is determined with the z axis parallel to the incident photon direction. In this system we choose u loc and f loc for the emergent photon:
because we always consider spherical particles.
With the Henyey-Greenstein phase function, u loc is given by Groenhuis et al. 7 : u loc 5 arccos 5 1 2g 3 1 1 g 2 2 11 2 g 2 2 2 11 2 g 1 2gr 4 2 246 . 1132
When we deal with a Mie mean phase function, u loc is determined numerically by the table lookup method. 10 Now the direction of the emergent photon is calculated in the global coordinate system 1u, f2, and we return to step 122.
The process is stopped when the photon reaches plane z 5 0 or when the photon has experienced more than 10,000 collisions. If the photon is in the plane with a direction in acceptance cone b of the receiving fiber, its distance r to the origin and n c number of collisions are registered in a file. Now a new photon is launched until the total number of photons is achieved 1typically more than 500,000 by file2.
This file is characteristic of ũ. From this file, specifying t the probability to be absorbed, c the volume concentration, and Dr, the thickness of the ring of radius Dr, we build a set of I Dr 1c, r2 1r 5 0, Dr,...,nDr,...2. Figure 31a2 shows the results with forward 1ũ 5 27°and 45°2, isotropic 1ũ 5 90°2, and backward 1ũ 5 135°2 scattering. Forward scattering in Eq. 1132 spreads the photon distribution far from emitting point O. From this set of I Dr 1c, r2, results can be deduced for another concentration with Eq. 1102. So our calculation gives us the light intensity in plane z 5 0 at distance r to the emitting point, specifying ũ, t, c, and Dr. In Fig. 31b2 we represent for the same set of parameters the 1a2 1b2 photon distribution versus distance for the Henyey-Greenstein phase function with ũ 5 27°and for a Mie mean phase function 1see Section 62 with the same anisotropy factor 7cos1u28 5 cos127°2. The distributions are very similar except near the origin. A numerical integration on the section of the emitting fiber and on the receiving fiber 1see Fig. 42 gives the calculated sensor response. So we can compare numerical results with experimental calibration curves and adjust ũ and t parameters. Consequently intensities deduced by quadratures by the Henyey-Greenstein or Mie mean phase function of the same anisotropy are nearly identical. In the following the Henyey-Greenstein formula is chosen.
Experimental Procedure
The method based on the light backscattering principle for determining the concentration 2,11-14 or the particle size 15 is now classical, but each device is different because of adjustment to the particle type and to the measurement range. Figure 5 is a schematic of the calibration setup. The light from a He-Ne laser of 632.8-nm wavelength is coupled at 1.6 mW onto a plastic optical fiber with a D 5 750-µm core diameter, a 0.35 numerical aperture in water 1b521°2, and a peak of transmittance at 580 nm. Suspended particles reflect a fraction of the scattered light back to another identical fiber disposed at d 5 760 or 1520 µm to the emitting fiber. The receiving light is conducted to a photodiode detector with a 0.4-A@W radiant sensitivity at 633 nm. The photodiode short circuit current is converted in a dc potential. Thus we measure a voltage as a function of particles in suspension and an optical-fiber probe configuration. A detailed description of an experimental procedure is in Bergougnoux et al. 4 
A. Instrumentation and Measurement Techniques

B. Particle Characteristics
The response of our optical-fiber sensor is shown here for two silica types of particle 3C800 and D066, Sifraco 1France24. Each particle-size variation is given by a Malvern MasterSizer E optical particle sizer. Both of these types of silica have, respectively, a d 32 5 2.69-µm 1D0662 and d 32 5 1.06-µm 1C8002 diameter volume@surface. The size distribution is shown in Figs. 6 and 7 . Each silica, with a 2.65-g cm 23 density and a 1.544 real part of the index of refraction 1relative to air2, was suspended in water in a concentration range of 10 23 , c , 0.3. In this case the particle diameter is smaller than the core diameter of the optical fiber 1D@d 32 , 279 or 7142. With this configuration, according to the conclusions of Lischer and Louge 2 and Matsuno et al., 13 the illuminated volume is sufficiently large to give an accurate determination of the mean concentration. 
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Results and Discussion
A. Experimental Results
Calibration curves for each sample 1Q, U2 show the backscattered light-intensity dependence on particle volume concentration 1Figs. 8 and 92. With this device the intensity backscattered by particles and received by the optical fiber has a maximum, which depends on distance d between the emitting and receiving fibers and on particle type 1size, absorption, shape2. For both samples a fiber set at d 5 760 µm receives more backscattering light and gives a calibration curve maximum abscissa ,2.5 times more than the same fiber set at d 5 1520 µm. This effect is purely geometrical.
C800 suspension attenuates light of less than D066 suspension. We recognize the classical result of scattering theory. 9, 16, 17 The curve maximum abscissa increases with the size of the particles in suspension. During this test we noted good reproducibility made easier by suspension homogeneity. Thus we can estimate a concentration measurement precision 4 of 62%.
To fit our experimental data by the Monte Carlo simulation 1see Section 42, we must adjust some parameters: the suspension characteristic length r 0 , the scattering phase function, the probability t of a photon being absorbed during the collision.
B. Choice of r 0
For polydisperse suspensions the particle sizer gives the distribution of particles in several size classes 1N cl , the total number of classes2. We have n i particles in the class i per unit volume of suspension. Each particle of this class has a volume v i 5 14@32pr i 3 if it is supposed spherical with radius r i .I f c is the volume concentration of suspension, we have for the unit volume o 151 Ncl n i v i 5 c.
For a spherical particle with radius r i , the Mie theory 16, 17 gives for a s sc,i scattering cross section of class i:
In this expression x i 5 12pr i 2@l, a n and b n are the Mie coefficients, and l is the wavelength of laser light in the medium 1water2.
If we note p i , the relative volume probability for class i, we have for the unit volume of suspension n i v i 5 p i c. 1152
So, according to Eq. 182, the mean free path l i for the ith class is
Thus we have N cl mean free paths. With Eq. 1112, N cl photon path lengths can be generated. The right path is the minimum path because the simulated photon is scattered by the first particle found:
l 5 min1l 1 , l 2 ,...,l N cl 2. 1162
The random variable l follows an exponential probability law with a mean free path l: Consequently r 0 of Eq. 182 is given by
C. Determination of the Phase Function
In Eq. 1162 the probability that l belongs to class i is given by
With our problem q i is the probability in order that the photon be scattered by a particle of class i. With the Mie theory we know the phase function for a spherical particle f1r i , m, u2, where m is the complex refractive index of suspension particles. So the Mie mean phase function f Mm is given by
Parameter g of the Henyey-Greenstein formula is given by 7cos u8 calculated with f Mm 1m, u2.
D. Absorption Rate Choice
The implicit assumption made by optical particle sizers is that particles are spherical. In other cases, if we want a good size analysis and consequently well-fitted phase functions, we must adjust the imaginary part of the refractive index to obtain the concentration calculated by the software device equal to the sample concentration. So doing, for nonspherical particles such as our silica, we overestimate the imaginary part of the refractive index, and the calculations of K abs,i quantities in the framework of Mie theory are unrealistic. The silica suspension should be black! Thus we adjust t for a best fit with the experimental curves. Note that t is smaller for C800 silica than for D066 silica. This fact is not surprising because C800 is smaller than D066. The choice of parameters for both silica suspensions is summarized in Table 1 . Figures 8 and 9 show good agreement between the experimental results and those of the numerical simulation with the parameters mentioned above, obtained for both silica samples.
Conclusion
The model is well suited for describing the sensor response curves in a large range of concentration. Particularly, in the high-concentration domain c . 0.1, it gives a better fit than expected. We think that this right fit is due more to the application of the similarity law in the calculations than to the choice of the scattering particle parameters 1r 0 , ũ, t2.I n fact several choices of these parameters can lead to the same right fit with experimental concentration curves. In Section 6 we gave a method for deducing r 0 and ũ from the data delivered by a particle sizer. For the present the value of t is adjusted to fit experimental values; to check it we are designing an integrating sphere device 18 for direct measurement of t.
The use of the Henyey-Greenstein formula to describe the scattering properties of an individual particle leads to the same results that the use of a Mie mean function with the same anisotropy does. Other approaches should give the mean scattering phase function for various particle shapes. 19, 20 
